The production of thermostable laccases from a native strain of the white-rot fungus Pycnoporus sanguineus isolated in Mexico was enhanced by testing different media and a combination of inducers including copper sulfate (CuSO 4 ). The best conditions obtained from screening experiments in shaken flasks using tomato juice, CuSO 4 , and soybean oil were integrated in an experimental design. Enhanced levels of tomato juice as the medium, CuSO 4 and soybean oil as inducers (36.8% (v/v), 3 mmol/L, and 1% (v/v), respectively) were determined for 10 L stirred tank bioreactor runs. This combination resulted in laccase titer of 143 000 IU/L (2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic acid), pH 3.0), which represents the highest activity so far reported for P. sanguineus in a 10-L fermentor. Other interesting media resulting from the screening included glucose-bactopeptone which increased laccase activity up to 20 000 IU/L, whereas the inducers Acid Blue 62 and Reactive Blue 19 enhanced enzyme production in this medium 10 times. Based on a partial characterization, the laccases of this strain are especially promising in terms of thermostability (half-life of 6.1 h at 60 °C) and activity titers.
Introduction
There is a growing interest in the development of eco-friendly processes to reduce the environmental impact of today's industries. Therefore, the search for enzymes capable of substituting conventional chemical methods in the synthesis of commercial products and the transformation of highly toxic compounds into non-toxic species has received considerable attention (Rodríguez-Couto et al., 2009; Kudanga et al., 2011) . Laccases (EC 1.10.3.2) are an example of enzymes which catalyze the oxidation of a wide range of arylamines or phenols (Gochev and Krastanov, 2007) . These multi-copper oxidases combine the four-electron reduction of dioxygen to water with the one-electron oxidation of four substrate molecules. They have low substrate specificity and thus oxidize a variety of substrates, either natural or xenobiotic (Bertrand et al., 2002) . Laccases are naturally produced by fungi, plants, and certain bacteria or insects (Bertrand et al., 2002) . Previous studies have reported laccase production at laboratory scale using wild-type strains of white-rot fungi or basidiomycetes (e.g., Pycnoporus strains), but the low level of production by non-genetically modified organisms (non-GMOs) and the costs of producing bulk amounts have hampered industrial applications.
There are multiple factors influencing laccase production. Laccase synthesis has been found to be highly dependent on cultivation conditions and growth medium composition. For the medium, the most influential parameters are carbon availability, micro-elements, the nitrogen source, and its concentration (Gochev and Krastanov, 2007) . Many reports have focused on media, inducers, and operational conditions to maximize fungal laccase production (Galhaup and Haltrich, 2001; Vanhulle et al., 2007a; Junghanns et al., 2008) . Some of them took costs and scalability into consideration (Osma et al., 2011) . Reducing costs of laccase production by optimizing the fermentation medium and conditions remains one of the basic research objectives at the industrial level (Rodríguez-Couto and Toca-Herrera, 2007) . As the carbon sources present in the medium play an important role in ligninolytic enzyme production (Eggert et al., 1996) , different commercial products have been tested. Tomato-juice-based media were appropriate for cultivation of different fungal species under laboratory conditions and sufficient for laccase production (Ullrich et al., 2005; Michniewicz et al., 2006; Liers et al., 2007; Junghanns et al., 2008; Mueangtoom et al., 2010) . Malt-extract and bran-flake media have been used to produce laccase specifically from Pycnoporus sanguineus (Trovaslet et al., 2007; Dantán-González et al., 2008) . The addition of various supplements to the medium, for example low concentrations of copper, also stimulated laccase expression (Lee et al., 1999; Palmieri et al., 2000) . Other inducers with structural similarities to lignin such as xylidine, ferulic acid, and gallic acid are often applied as they usually increase laccase activity (Bollag and Leonowicz, 1984; Pointing et al., 2000; Galhaup et al., 2002; Kunamneni et al., 2007) . Because of their similarities to certain lignin structures, anthraquinone dyes such as Reactive Blue 19 and Acid Blue 62 have been tested to enhance laccase production (Junghanns et al., 2008) . Soybean oil was further reported to greatly increase laccase activities in cultures of Trametes pubescens and Botryosphaeria rhodina (Dekker et al., 2007; Osma et al., 2007) .
In the present work, different media, novel inducers, and critical parameters (temperature, pH, and time of harvesting) were investigated in order to enhance the production of thermostable laccases from a native strain of P. sanguineus, CS43. CS43 laccases exhibited interesting catalytic properties and higher thermostability at 50 and 60 °C. A design of experiment (DOE) was performed to evaluate the feasibility of scale-up using a relatively economic culture medium, making possible its future industrial applications.
Materials and methods

Chemicals
Malt extract was obtained from Difco (BD Diagnostics, Sparks, USA). Distilled water was used for dilution and preparation of solutions. The dyes Acid Blue 62 and Reactive Blue 19 were obtained from Acros Organics (Geel, Belgium). Tomato juice (Delhaize Group, Belgium) was used as a commercially available item. All other chemicals were of analytical grade and were purchased from SigmaAldrich (St. Louis, USA).
Microorganism
The white-rot fungus P. sanguineus (CS43) was obtained from a culture collection of the Universidad Autónoma de Nuevo Leon, Mexico. It was maintained at 4 °C and sub-cultured weekly on 2% (w/v) malt extract agar plates at 30 °C prior to production experiments.
Screening culture conditions
Three, nine, and fifteen plugs of 5 mm diameter were taken from the active borders of malt extract agar cultures and transferred to Erlenmeyer flasks (100, 250, and 500 ml) for pre-cultures containing 37, 100, and 200 ml, respectively, of control medium: glucose (40 g/L), meat peptone (15 g/L), yeast extract (5 g/L), and magnesium sulfate (0.5 g/L). For stirred tank bioreactor precultures (in 500 ml flasks), the same control medium was employed but glucose and meat peptone concentrations were 36 and 10 g/L, respectively, as described for optimized media. After 7 d of incubation (30 °C, 150 r/min), pre-cultures were used to inoculate all experimental cultures. The following media were tested: control medium, bran flakes 3% (w/v) (Dantán-González et al., 2008) , malt extract 2% (v/v) (Trovaslet et al., 2007) , tomato juice 13% (v/v) (Michniewicz et al., 2006; Junghanns et al., 2008) , and glucose-bactopeptone (Nair et al., 2013) . Flasks were incubated in a shaker at 30 °C with continuous agitation (150 r/min). After 2 d of inoculation, laccase production was induced by 3 mmol/L copper sulfate (CuSO 4 ) (Galhaup et al., 2002) . For the screening of additional inducers in control medium, the following compounds were added together with CuSO 4 : soybean oil 1% (Osma et al., 2007) , ferulic acid 0.5 mmol/L (Vanhulle et al., 2007a) and gallic acid 1 mmol/L (Galhaup et al., 2002) dissolved in 50% ethanol, xylidine 20 µmol/L (Pointing et al., 2000) , Acid Blue 62 0.48 mmol/L or Reactive Blue 19 0.71 mmol/L (Vanhulle et al., 2007b) . Three levels of CuSO 4 (1, 3, and 5 mmol/L) were independently tested using the control medium. Samples from triplicate flasks or stirred tank bioreactor were taken periodically and centrifuged (13 000 r/min for 15 min), and the clear supernatant was assayed for enzyme activity (see Section 2.5).
Bioreactor cultivation
Each culture was carried out in a 10-L stirred tank bioreactor (BioStat Bplus, Sartorius Stedim, Germany) with a working volume of 8 L. It was equipped with pH and dissolved oxygen concentration (pO 2 ) sensors and an agitator with three standard pitch blade turbine impellers, each one with three cross blades. Temperature (30 °C), agitation (150 r/min), and aeration with compressed air (0.3 air volume flow per volume of medium per minute (vvm)) were kept constant throughout the cultivation. Bioreactor and culture medium were sterilized at 121 °C for 40 min. The culture medium based on commercial tomato juice 36.8% was inoculated with 800 ml of the homogenized 7 d pre-culture. Sterile antifoam 204 (121 °C for 21 min) was added during the first hours of cultivation (Rogalski et al., 2011) . Laccase induction was carried out at the second day by adding 3 mmol/L CuSO 4 and 1% sterile soybean oil (121 °C for 21 min). Parallel to the bioreactor runs, 250 ml flasks were prepared with the same medium concentrations as the reactor with or without induction after 48 h. Both conditions were investigated in triplicate.
Laccase activity assay
Laccase activity was determined with 2,2'-azinobis(3-ethylbenzthiazoline-6-sulfonic acid) (ABTS) as substrate. The assay mixture containing 0.5 mmol/L ABTS (20 µl), 0.1 mol/L citrate/0.2 mol/L phosphate buffer (160 µl) at pH 3 and diluted supernatant (20 µl) was incubated at 25 °C. Oxidation of ABTS was monitored by the increase in the absorbance at 420 nm (A 420 , ε=3.6×10 4 L/(mol·cm)) using a microplate reader (Powerwave XS2, Bio-Tek, Bad Friedrichshall, Germany) (Eggert et al., 1996; Nair et al., 2013) . Enzyme activities were expressed as international units (IU); under the conditions of the experiment, one IU corresponds to 1 μmol of product formed per minute.
Experimental design and data treatment
The DOE approach was performed using a central composite design (CCD) with tomato juice medium, CuSO 4 and soybean oil concentrations as factors since they showed the best screening results. A complete two-level factorial design with one central and six axial points with three replicates each for a total of 45 flasks was performed. Levels used for each factor are given in Table 1 . The analysis was performed with the experimental design module of Statistica 10 (SoftStat Inc., 1984-2011, USA). -Luna et al. (2008) isolated 15 basidiomycete strains with extensive dye decolorization capacity from a total of 92 isolates from Northeast Mexico. Two of these strains, P. sanguineus CS2 and CS43, were selected for the present study. Table 2 indicates that CS2 and CS43 strains had similar titers of laccase employing glucose-meat peptone medium previously optimized for each strain (data not shown). Under these conditions, the half-life of CS43 laccases present in the culture supernatant was 22% and 5% higher than that of CS2 at 50 and 60 °C, respectively. Therefore, strain CS43 was selected for subsequent experiments. The first one was carried out in flasks of 100 ml and consisted of a screening of media, combinations of inducers and three concentration levels of CuSO 4 as described in Section 2. The culture media which gave the highest laccase activities were tomato juice medium and glucose-bactopeptone medium, averaging approximately 20 000 IU/L of laccase activity on Day 22, corresponding to a 42-fold increase in activity compared with the control (Fig. 1a) . Bran flake medium and malt extract medium gave 28 times higher laccase activities than the control (Fig. 1a) . Tomato juice medium was chosen for further investigation because it is less expensive than the mixture of components required for glucose-bactopeptone medium.
Results
Screening of media and inducers
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The influence of different inducers on the laccase activity is shown in Fig. 1b . All the tested inducers had a significant effect on laccase production on culture Day 18 with the exception of gallic acid. The best result for laccase induction was obtained with soybean oil, resulting in a 45-fold increase (45 000 IU/L) in enzyme activity compared to the control. The two dyes tested, Acid Blue 62 and Reactive Blue 19, resulted in similar laccase activities, about 10 times higher than that of the control. Ferulic acid and xylidine induced cultures only produced 5.0 and 2.5 times more laccase activity than the control, respectively.
The maximum activity obtained in the testing of different CuSO 4 levels was achieved on Day 36 (17 700 IU/L at 5 mmol/L). However, to ensure comparability with the other experiments, the results were analyzed on Day 18 (Fig. 1c) . The two highest activities were produced by CuSO 4 5 and 3 mmol/L with no significant difference in their averages, around 1150 IU/L.
Enhancement of CS43 laccase production
The next step to enhance the production of thermostable laccases by CS43 strain was to integrate the best screening results into a statistical DOE. Table 3 summarizes the mean of laccase activity obtained from the CCD experiment in relation to different conditions on culture Day 14 when the higher enzymatic activity was reached. The best condition achieved 52 538 IU/L of laccase activity (treatment No. 15) when tomato juice medium was at the highest level whereas CuSO 4 and soybean oil were in the central level.
An analysis of variance (ANOVA) was subsequently performed to validate the results observed in the CCD (Table 4) . Although the interaction of CuSO 4 with soybean oil (P<0.05) is important, the tomato juice medium and CuSO 4 concentrations and the interaction of both concentrations were the most significant factors in laccase production (P≤0.001). Using a regression over the response surface, a prediction equation was generated (Eq. (1)). Fig. 2 shows the model fit for the observed vs. predicted effects on laccase activity, and a good correlation with the experimental data was obtained (r 2 =0.94, P<0.001). The graph indicated that no significant violations of the model were found in the analysis. The best resultbased model was obtained at high tomato juice medium concentration and lower levels of CuSO 4 and soybean oil. As the CuSO 4 level increased, the soybean oil level should be increased for better results. 
where Y is the laccase activity predicted, c TJM , c CuSO4 , and c SO are the concentrations of tomato juice medium, CuSO 4 , and soybean oil, respectively. Three-dimensional response surface plots of laccase production based on the model were further generated combining two factors and enzyme activity as response variables; the resting factor for each plot remained at medium level. Fig. 3a indicates that increasing tomato juice medium concentration and selecting a lower level of CuSO 4 were beneficial. The interaction between both variables was reflected in the shape of the plot. An important interaction between CuSO 4 and soybean oil could be observed maintaining tomato juice at medium level (Fig. 3b) . There is no significant effect in the different concentrations of soybean oil and only the tomato juice medium is relevant (Fig. 3c ).
Optimal conditions for upscaling laccase production
The best result obtained in the DOE analysis was first confirmed at flask level (Fig. 4a) . In this set of experiments, the culture in tomato juice medium 36.8% (v/v), CuSO 4 3 mmol/L, and soybean oil 1% (v/v) (A00) showed the highest laccase activity reaching a maximum of 77 816 IU/L on Day 14. The control (tomato juice medium 36.8%) without any inducer achieved up to 11 000 IU/L on Day 14. It was noticed that A00 had a 32% higher activity compared with the mean of the DOE (Fig. 4a) . The laccase production was scaled up to a 10-L stirred tank bioreactor applying the A00 conditions (Fig. 4b) . The highest measured activity was obtained after 13 d of growth, when laccase activity reached 143 000 IU/L. This activity decreased afterwards, with harvesting on Day 15 and 85 700 IU/L. The control flasks presented lower laccase production as expected by the DOE model.
The pH was monitored throughout the fermentation period. The pH fluctuated from 3.7 to 6.0. After Day 6, it was increased concomitantly with the laccase activity (Fig. 4b) . 
Discussion
Thermostable laccase production from P. sanguineus strain CS43 was successfully enhanced and scalable. For the enhancement in this strain, the sequence of separate screening steps for medium and inducers followed by the combination of the best results obtained into a DOE was beneficial as illustrated in Fig. 5 . An increment in laccase activity up to 13 times was achieved in comparison with the previous maximum laccase titers at flask level. The cultivation time necessary to reach the highest laccase activities was considerably reduced from 28 to 13 d, with a total productivity increment of 26 times. To the best of our knowledge, the levels of laccase activity achieved by P. sanguineus CS43 in stirred tank bioreactor runs (143 000 IU/L) are the highest reported in the literature (Lomascolo et al., 2002; van der Merwe, 2002; Litthauer et al., 2007; Vanhulle et al., 2007a; Dantán-González et al., 2008; Vite-Vallejo et al., 2009; Uzan et al., 2010) . Uzan et al. (2010) previously reported high laccase production (83 700 IU/L) in flasks using a Chinese strain of P. sanguineus induced by ethanol (30 g/L) which is similar to the activity obtained at shaken flask level in the present study. High titers of laccase were also detected (71 000 IU/L) using a monokaryotic strain cultivated in a maltose medium with 1 g/L of Tween 80 (antifoam and surfactant) and 2,5-xylidine or maize bran rich in ferulic acid as inducers (Lomascolo et al., 2002) . In our study, the antifoam 204 mainly used to break the foam in the stirred tank bioreactor runs could have influenced the laccase production in comparison with the flask experiments. Previous studies reported that the addition of Tween 80 to cultures of P. sanguineus and B. rhodina also induced laccase production (Pointing et al., 2000; Dekker et al., 2007) .
The addition of copper has positive effects on the production of laccase in different fungal strains (Baldrian, 2003) . It is essential for the synthesis of the active sites of the enzyme (Collins and Dobson, 1997) . For P. sanguineus CS43 the best level of CuSO 4 was 5 mmol/L under glucose meat peptone medium conditions. Galhaup and Haltrich (2001) described an optimal induction of laccase for T. pubescens at 2 mmol/L of CuSO 4 , and comparable results were obtained using 5 mmol/L, although more time was required to reach the maximum activity.
In the present study, all tested media in combination with CuSO 4 increased laccase activity several folds compared with the induced control medium. Tomato juice had a synergistic positive effect (42-fold) on laccase production. The DOE study further demonstrated this important interaction with CuSO 4 on enzymatic activity of P. sanguineus. Another example of the use of tomato juice and CuSO 4 as a good medium for laccase production was reported for the white-rot fungus Cerrena unicolor (Michniewicz et al., 2006) . Our model resulting from the CCD indicated that lower levels of CuSO 4 in tomato juice medium could provide better results and it needs to be tested in future experiments. Glucose-bactopeptone medium was also identified as a good medium in combination with CuSO 4 to induce laccases, achieving about 20 000 IU/L on culture Day 22. Liu et al. (2009) determined from a response surface analysis of the laccase production of P. ostreatus that glucose and Mg 2+ levels were the most important factors in a similar medium. The use of bran-flake medium achieved up to a 23-fold increase in the activity of CS43 laccases. Dantán-González et al. (2008) tested bran-flake medium for the production of P. sanguineus laccases without inducers, and only measured activities of around 6000 IU/L, corresponding to 58% of that obtained in our study with CuSO 4 (10 375 IU/L). Trovaslet et al. (2007) used malt-extract medium (no-inducers) for cultivation of P. sanguineus, achieving 850 IU/L of enzymatic activity after 7-10 d, which was 23% of the laccase production by the strain CS43 on Day 9 in the presence of CuSO 4 (3574 IU/L; data not shown). Most inducers combined with CuSO 4 and evaluated in the screening stage enhanced laccase yields. Soybean oil was the best, attaining values of about 45 000 IU/L. This vegetable oil was the best inducer by itself in experiments of static cultures of T. pubescens on mandarin peelings (Osma et al., 2007) . Dekker et al. (2007) also obtained a five-fold increase in the laccase production by B. rhodina using soybean oil medium without any other carbon source, so the vegetable oil by itself supported the growth of the fungus. In the present study, in combination with CuSO 4 , dyes Reactive Blue 19 and Acid Blue 62 were efficient laccase inducers. These dyes have structural similarities to lignin-related laccase substrates (Junghanns et al., 2008) . Likewise, the presence of the dyes caused an increase in laccase activity in other Pycnoporus strains (Vanhulle et al., 2007b) . Junghanns et al. (2008) obtained positive results in tomato juice medium using Reactive Blue 19 and CuSO 4 as inducers over the production of laccases from aquatic ascomycetes. Ferulic acid has been reported as an inducer of laccase activity in Coriolopsis polyzona and other species (Leonowicz et al., 1978; Vanhulle et al., 2007a) , but it did not show a significant effect in the case of P. sanguineus CS43. Similarly, ferulic acid and gallic acid used as inducers with CuSO 4 did not have any relevant impact on laccase production for T. pubescens (Galhaup et al., 2002) . In our study, gallic acid did not induce the production of laccase by the native strain.
The model from the CCD indicated that laccase titers could be significantly enhanced by increasing the concentration of the tomato juice in the medium. Junghanns et al. (2008) found a positive correlation between the level of tomato juice and laccase production by aquatic ascomycetes under induced and non-induced conditions. Our findings revealed that laccase activity enhancement also occurred in tomato juice medium without external inducers, as the activity achieved was higher (11 000 IU/L) than that produced in the optimized glucose-meat peptone medium and CuSO 4 . This medium served as a source of carbon and nitrogen for the growth of P. sanguineus and also might induce the enzyme production on account of its phenolic compounds as flavonoids and tannic acid (Carbajo et al., 2002; Ullrich et al., 2005) .
Soybean oil in addition to CuSO 4 improved the laccase activity in the control and tomato juice medium cultures. Although their optimal levels were not established in tomato juice medium, their concentration should be reduced as predicted by the model to achieve high laccase levels. This relevant interaction between both components requires an experimental design to examine the synergistic effects and determine better levels.
The pH was another parameter analyzed during the stirred tank bioreactor runs. After Day 6, the pH was directly related to laccase production, and it could be used as an indicator of the time to harvest under these operation conditions. Using a pH sensor and control system, the harvest time could be automated, maximizing laccase productivity. Chu et al. (1992) used variation in pH for the control process of an alkaline protease production. Interestingly, a similar pattern of color was observed for the fungal cultures during various stirred tank bioreactor runs. At the beginning, the medium was an orange color, mainly due to the tomato juice; this color changed to white-beige on culture Day 5. The culture color was subsequently light brown and continued to darken from Day 7 until the end of the experiment. This probably was associated with the pigments secreted by the fungus, such as melanin. One possible function of laccases is related to the copper-induced formation of melanin (Baldrian, 2003) . Dark mycelia were reported when T. pubescens was grown in the presence of copper and higher concentration of melanin by increasing this micro-element in the growth medium (Galhaup and Haltrich, 2001) .
The data presented here additionally propose that the native strain CS43 of P. sanguineus is an ideal candidate for over-production of highly thermostable laccases in an inexpensive medium composed of tomato juice, CuSO 4 and soybean oil without the use of hazardous substances such as 2,6-xylidine or other fungal laccase inducers. Results further provide the basis for future development of industrial processes or non-GMO requirements as free or immobilized enzyme. Our research team has already begun the process of separation, purification, and partial sequencing of three laccase isoforms expressed in these culture conditions.
